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ABSTRACT

Cells of the dimorphic Zygomycetous fungus Mucor racemosus were
grown in both batch and continuous culture in order to study the re
gulation of RNA and protein synthesis as a function of i) growth
rate, ii) morphogenesis and iii) nutritional shift-up.

In all three

cases cells were analyzed for parameters used to calculate i) cellu
lar ribosome concentration, ii) percentage of ribosomes active in
protein synthesis and iii) polypeptide chain elongation rate.

Cul

tures subjected to atmospheric or nutritional shifts were addition
ally pulse labelled or pulse labelled and steady-state labelled with
radioactive amino acids and phosphate to measure the rates of syn
thesis and accretion of proteins and nucleic acids respectively.
In continuous culture studies, the polypeptide chain elongation
rate and the percentage of ribosomes active in translation were both
linear functions of the growth rate.

In continuous culture under a

nitrogen atmosphere, cellular ribosome concentration was also a
linear function of growth rate.

However, in continuous culture un

der a carbon dioxide atmosphere, this parameter remained relatively
constant regardless of growth rate.
During atmospheric shifts, an increase in polypeptide chain
elongation rate was an invariant correlate of an increase in growth
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rate.

However, no consistent correlation was observed between this

parameter and morphogenesis of the cells.
In nutritional shifts-up, a post-shift lag of one hour was ob
served before total cellular protein/ml of culture, cellular dry
weight/ml of culture and culture turbidity achieved new, higher
rates of increase.

This was corroborated by results from steady-

state labelling experiments using L-t1**C]leucine and [32P]phosphate.
Pulse labelling with the same isotopes revealed the post-shift in
crease in the rate of RNA synthesis lagged thirty minutes behind
the corresponding increase in the rate of protein synthesis.

The

fungus also responded to shift-up conditions with a rapid and sus
tained increase in the polypeptide chain elongation rate and in the
percentage of ribosomes active in protein synthesis.
The foregoing observations are evidence for the existence in
Mucor, and perhaps in other eukaryotes, of a system for regulating
the rate of protein synthesis which is adjustable at the levels of
ribosome recruitment, ribosome velocity as it traverses the message,
and possibly cellular ribosome concentration as well.
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INTRODUCTION AND REVIEW OF LITERATURE

The synthesis of informational macromolecules is an activity
central to the life of any cell and requires a tremendous invest
ment of energy.

The synthetic machinery together with the pre

cursors and products account for the overwhelming bulk of the mass
of any cell on a dry weight basis.

It stands to reason that no

cell can allow so costly and important a process as macromolecular
synthesis to proceed without the ability to regulate it.

Such

regulation is absolutely essential for any cell to be able to res
pond appropriately and efficiently to environmental changes and
to reproduce with the degree of fidelity and success necessary to
maintain the population.

Regulatory failure of sufficient mag

nitude could lead to a tremendous waste of resources, ultimately
resulting in energy bankruptcy.

More subtle regulatory deficien

cies could lead to an impairment in the cell's ability to respond
efficiently to environmental change, thus lessening, perhaps very
gradually, the fitness of the species.

The successful cell, depen

dent as it is upon a costly and complex process for the expression
of its genetic information, will almost certainly be one which is
endowed with a regulatory system capable of exerting its influence
on cellular functions at several different levels.
The necessity for coordinating rates of macromolecular synthesis

wich cell growth is perhaps most easily exemplified by the require
ment to apportion whole, functional copies of the genome between
daughter cells during each division cycle.

There is the additional

necessity to insure that the components of the machinery of genetic
expression remain in proper proportion one to another as cell size
and cell mass increase.

Failure of this type of regulation would

almost certainly lead to gross metabolic imbalances as alluded to
above.
Observations made by many molecular biologists over the past
twenty years have shown that cells maintain an essentially constant
DNA:RNA:protein proportionality within any given steady state of
growth.

These ratios change in a specific manner as a function of

the growth rate, but are constant at any given growth rate.

This

phenomenon has been termed "balanced growth" and has been dealt
with extensively by many workers, most notably MaalfSe and Kjeldgaard
(1966).

When a qualitative or quantitative change in nutritional

conditions necessitates a change to a different steady state of
exponential growth, cells respond by entering a transient phase of
"unbalanced growth" during which time the concentrations of differ
ent macromolecules are adjusted to values appropriate to the new
conditions.

However, a change in temperature does not elicit an

entry into unbalanced growth.

Studies on Salmonella typhimurium

indicate that cell size and composition are independent of temp
erature within a given growth medium (Schaechter £t al, 1958).

The growth rate increases (up to a point) as the temperature increases,
but this phenomenon is purely a consequence of thermodynamics.
Essential to any regulatory scheme must be a mechanism for reg
ulating the rate of protein synthesis, which is the most complex
and energy consumptive of the major processes of macromolecular syn
thesis.

Essentially, there are only two levels at which a cell can

regulate this process:

i) by varying the rate at which amino acids

are added to each growing polypeptide chain and ii) by varying the
number of growing chains.

The former parameter can be expressed in

terms of a "step time" (the time required for the addition of one
new amino acid to the growing polypeptide chain) or in terms of the
number of amino acids added to a nascent polypeptide chain per unit
time per ribosome.

The number of growing chains is best considered

as the population of ribosomes that are active in protein synthesis,
each active ribosome mediating the production of a single peptide
chain at any given time.

Since the discovery of polyribosomes in

reticulocytes (Marks et al, 1963), rat liver cells (Wettstein et al,
1963) and bacteria (Schaechter, 1963; Staehlin iet _al, 1963; Schlessinger, 1963) it has been assumed that multiple ribosomes function
sequentially on the same message during the normal course of pro
tein synthesis and these structures have, in fact, been demonstrated
by means of electron microscopy (Warner et al, 1963; Rich £it s^l, 1963).
Hypothetically, either of the aforementioned regulatory strategies
may be potentially implemented at a multitude of different molecular

sites and reactions participating in the mechanism of protein
assembly.

These strategies may be employed alone or together.

They may be mutually exclusive or coordinately controlled functions.
There exists only a small collection of data (mainly from prokary
otic systems) relating to the latter issues.

There are absolutely

no data revealing molecular mechanisms employed to effect either
strategy.
One of the earliest and most important generalizations made
concerning regulation of protein synthesis in bacteria was the
"constant efficiency hypothesis" of Maal^e and Kjeldgaard (Schaechter et: al, 1958).

From experiments performed on Salmonella typh-

imurium in different steady states of growth, it was observed that
the rate of protein synthesis (mass of protein synthesized per
unit time) per nucleus was essentially constant at all growth rates.
From these observations it was concluded that bacterial cells in
crease their rate of protein synthesis by increasing the number of
ribosomes per cell rather than by adjusting the velocity of ribosome
movement along the message.

Additionally, it was inferred that the

fraction of ribosomes engaged in protein synthesis at any given time
is essentially constant irrespective of growth rate and should be
presumed to be high.

Further evidence in support of this generali

zation Includes the finding that the ribosome content of Salmonella
typhimurium cells increased linearly with the growth rate (Ecker and
Schaechter, 1963).

Furthermore, Kjeldgaard (1961) observed constant
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ribosome efficiency in

typhimurium cells shifted between dif

ferent steady states of growth, while van Dyke-Salkinoja and Planta
(1971) reported that Bacillus llchenlformis cells contained increas
ing numbers of ribosomes per cell with increasing growth rate.
This generalization has not gone completely unassailed, however.
For instance, Martin and Iandolo (1975) reported that Staphylococcus
aureus polymerized amino acids faster in a rich medium (16 amino
acids/sec/ribosome) than in a poor medium (10 amino acids/sec/ribo
some).

Furthermore, ribosomes prepared from cells grown in the

rich medium were more active in an in vitro protein synthesizing
system than those recovered from cells grown in the poor medium.
Nierlich (1972a) observed that the ratio of stable to unstable RNA
in Escherichia coli (representing the ratio of ribosomal and trans
fer RNA to messenger RNA) increased with increasing growth rate,
a finding generally compatible with Maal^e and Kjeldgaard's hypo
thesis.

However, in a companion paper Nierlich (1972b) reported

that during nutritional shift experiments, transcription may tran
siently fall off during a shift-up, or continue for some length
of time in a shift-down after cessation of protein synthesis.
These findings suggest that RNA production may not be keyed as
closely to the rate of protein synthesis as the constant efficiency
hypothesis would seem to demand.

Moreover, Sykes and Young (1968),

working with carbon-limited chemostat cultures of Enterobacter
aerogenes. reported the seemingly anomalous finding that ribosome

efficiency actually increased with decreasing growth rate, a finding
that flies directly in the face of Maal^e and Kjeldgaard's general
ization.

Of course, comparisons between Maal^e and Kjeldgaard's

batch-grown cells and Sykes and Young's chemostat-grown cells may
not be valid, but significant differences in regulatory phenomena
between batch- and chemostat-grown cells have yet to be demonstrated.
Further evidence against unconditional acceptance of Maalrfe and
Kjeldgaard's generalization include the findings of Koch (1970) that
the net rate of protein synthesis per unit of ribosomal RNA at dif
ferent growth rates was not constant in Escherichia coli, and the
finding of Alton and Koch (1974) that

coli cells grown in con

tinuous culture with limiting phosphate possess far more RNA than
the constant efficiency hypothesis would predict.

Moreover, Rosset,

Julien and Monier (1966) observed that E^ coli ribosome efficiency
decreased with decreasing growth rate for growth rates above 0.4
doublings/hr.
Hans Bremer and his colleagues have measured the velocity of
translation using techniques completely different from those employed
in the work described above.

Their method for obtaining the peptide

chain elongation rate was derived from Gausing's protocol (Gausing,
1972) with calculations made according to the theoretical work of
Bremer and Yuan (1968).

The culture under study was pre-labelled

with L-I1**0]leucine for an appropriate period.
then removed and replaced with L-[3H]leucine.

The first label was
Small samples were

collected immediately upon the change of isotope and at regular
brief intervals thereafter.

The cellular proteins were precipitated

and separated by sodium dodecyl sulfate-polyacrylamide slab gel
electrophoresis in the presence of B-raercaptoethanol.

After fixing,

staining and drying the gels, individual protein bands were cut
out and the contribution of each isotope to the total radioactivity
in a given band was determined.

For proteins of each molecular

weight class m at each time t, the function F''(m,t) was determined.
This represents the quotient of 3H disintegrations in bands of
molecular weight class m (normalized to 3H disintegrations in total
protein) divided by

disintegrations in bands of weight class m

(normalized to 1<fC disintegrations in total protein).

A plot of

this function versus time shows a breakpoint in the kinetics, re
presenting a time tm , which is the average time required to syn
thesize a polypeptide of weight class m.

A plot of m versus tm

will have as its slope Cp, the polypeptide chain elongation rate
(amino acids/sec/ribosome).
Using this general procedure which can also be used to analyze
the rates of RNA synthesis, Dennis and Bremer (1974) reported an
increase in the chain growth rate of ribosoraal RNA in Escherichia
coli from 3600 to 4400 nucleotides/min as the growth rate was in
creased from 0.69 to 2.1 doublings/hr, a finding generally consis
tent with the increase in cellular ribosome concentration usually
reported by other workers to accompany an increase in the growth

rate.

However, in a later paper Dennis and Bremer (1974) reported

that ribosome efficiency for Escherichia coli strain B/r growing
at less than 1.2 doublings/hr was 30% below that for cultures grow
ing at rates above 1.2 doublings/hr.

Furthermore, Bremer and

Dennis (1975), in a study of stable RNA and protein synthesis
following a nutritional shift-up in E^_ coli B/r, reported a post
shift increase in ribosome concentration when the pre-shift growth
rate was below 1.2 doublings/hr.

Harvey (1973)

used the method of

Bremer and Yuan (1968) in several studies and reported an increase
in the average rate of protein synthesis per ribosome in
following a shift-up.

coli

He also noted in the same study an increase

in the fraction of ribosomes bound into polysomes from 30% at 0.3
doublings/hr to 70% at 1.2 doublings/hr.
From the evidence presented above, it is reasonable to conclude
that the constant efficiency hypothesis ought not to be regarded
dogmatically, but should rather be considered a valid generalization
concerning the overall trend of protein synthesis regulation in pro
karyotes.

One consistently observes in these organisms a signifi

cantly greater dependence upon the adjustment of ribosome content
per cell than upon the adjustment of ribosome velocity in transla
tion.
The number of studies carried out on the regulation of the
translation rate in fungi has been considerably fewer than similar
studies described in bacteria.

Work has largely been confined to

studies on Saccharomyces cerevisiae, an Ascomycetous yeast, Neurospora crassa, an Ascomycetous mold, and Mucor racemosus. a Zygoraycetous dimorphic fungus.

Neurospora has been used for many years in

genetic studies and Saccharomyces has been exploited in brewing and
baking from time immemorial, but both have been employed in studies
related to regulation of macromolecular synthesis for only the past
decade or so.

The following is a summary of the important papers

in this comparatively sparse literature.
Boehlke and Friesen (1975) varied the doubling time of Sacch
aromyces cultures from 96 to 486 minutes by growing the cells in
media of different nutritional composition at 30°C.

They found

little systematic variation in the RNA content per cell as a func
tion of the growth rate, but noted a 50% increase in the amount of
protein per cell from the slowest growing cells to the fastest
growing cells.

Distribution of RNA among the 26S, 18S and 4.5S

species, as determined by density gradient fractionation of purified
SH-labelled RNA, remained essentially constant.

Cells labelled with

[3U]adenine and converted to spheroplasts by a glusulase treatment
(Hutchinson and Hartwell, 1970) were found to contain about 90% of
their ribosomes bound in polysomes, as measured by density gradient
fractionation (Boehlke and Friesen, 1975).

Total cellular ribosome

content was determined from the total cellular RNA content, the mol
ecular weight of the yeast 80S ribosome (4.1 x 106 daltons) and the
fraction of that molecular weight represented by RNA (41%).

This

parameter reportedly did not vary significantly with the growth rate
The polypeptide chain elongation rate was determined from the expres
sion:

amino acids polymerized/sec/ribosome = P x ln2 / T x R, where

P equals cellular protein content in amino acid equivalents, ln2 is
taken from the growth rate equation, T equals the doubling time in
seconds, and R equals the number of ribosomes per cell engaged in
protein synthesis.

This parameter increased linearly with growth

rate, varying from 2.8 amino acids/sec/ribosome for a doubling time
of 486 minutes to 10.0 amino acids/sec/ribosome for a doubling time
of 96 minutes.
Waldron, Jund and Lacroute (1977) have published findings on
Saccharomyces which are in conflict with much of the above study.
They calculated net protein synthesis from an expression employing
the mass of protein per cell, the growth rate, Avogadro's number
and the average weight of the amino acids released upon hydrolysis
of S. cerevisiae protein (Weil, 1969).

The number of ribosomes

per cell was calculated from an expression employing the mass of
RNA per cell, the fraction of RNA bound up in ribosomes (from
Waldron and Lacroute, 1975), Avogadro’s number and the mass of RNA
in each ribosome in daltons (from Udem and Warner, 1972).

The

growth rate was varied from 0.3 to 0.54 doublings/hr by altering
the nitrogen source in a Yeast Nitrogen Base medium.

The "ribosome

efficiency" (amino acids polymerized per second per ribosome ir
respective of ribosome activity) was determined as the quotient of
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the net protein synthesis (amino acids polymerized per second per
cell) and the total number of ribosomes per cell.

Both the net

rate of protein synthesis and the ribosome efficiency showed signi
ficant increases with increasing growth rate, with the ribosome
efficiency increasing from 5.2 amino acids/sec/ribosome to 8.8
amino acids/sec/ribosome.

However, the polypeptide chain elonga

tion rate, determined by the double-labelling-kinetics method of
Bremer and Yuan (1968), was determined to be the same, irrespective
of growth rate, as that reported previously by Waldron et^ al (1974)
for fast-growing cells (i.e., 10.5 amino acids/sec/ribosome).
From this figure and from the ribosome efficiencies calculated
at the two different growth rates, Waldron and co-workers deduced
that the fraction of ribosomes actively synthesizing protein was
84% for cells growing at 0.54 doublings/hr and 50% for cells growing
at 0.3 doublings/hr.

The observed decrease in the rate of net pro

tein synthesis with decreasing growth rate was attributed solely
to a decrease in the percentage of active ribosomes.
Bonvin and Gull^v (1975) used the method of Bremer and Yuan
(1968) to determine the polypeptide chain elongation rate in cultures
of Saccharomyces growing at 0.5 doublings/hr with glucose as the
carbon source and at 0.17 doublings/hr with sodium acetate as the
carbon source.

They calculated values of 9.3 and 5.5 amino acids/

sec/active ribosome for the fast and slow growth rates respectively.
Using Waldron and Lacroute's values for "average ribosome efficiency"

(Er), they determined the fraction of ribosomes active in protein
synthesis (Br) from Young and Bremer's relation:
where Cp is the polypeptide chain elongation rate.

Er = Br x Cp,
Br was 0,36

for slow-growing cells and 0.59 for rapidly growing cells.

Thus,

both the percentage of active ribosomes and the polypeptide chain
elongation rate were seen to vary with the growth rate, in con
trast to the findings of Waldron, Jund and Lacroute (1974), who
found the elongation rate to be constant while the percentage of
actively functioning ribosomes varied.
Alberghina and Sturani (1975) reported observations on Neurospora crassa

grown at several different rates in a variety of media.

Using a series of mathematical calculations based on the growth
rate and on levels of macromolecules present at a specific time,
normalized to genome equivalents of DNA, they derived several para
meters, including the number of ribosomes per genome and the rate
of protein synthesis (amino acids polymerized/min/genome equivalent).
They also determined the percentage of ribosomes active in trans
lation by means of sucrose density gradient analysis.

Using this

value together with the rate of protein synthesis per genome and
the number of ribosomes per genome, they calculated rates of poly
peptide chain elongation (amino acids polymerized/min/active ribo
some).

Their measurements, made over a seven-fold range of growth

rates, showed little systematic variation in the peptide elongation
rate, but did show a significant increase in the number of ribosomes

per cell with Increasing growth rate.

The percentage of ribosomes

active in protein synthesis showed little change with the growth
rate.

Since net protein synthesis per genome increased with the

growth rate, they concluded that in Neurospora an increase in the
growth rate was coupled to an increase in the number of ribosomes
per cell and thereby the overall rate of protein synthesis was in
creased.

They also concluded that the rate of amino acid addition

to nascent polypeptide chains was not an adjustable parameter in
this system.
Orlowski and Sypherd (1978) reported observations on the re
gulation of translation rate during morphogenesis of Mucor racemosus.
The organism is a dimorphic Zygomycete of the order Mucorales and
family Mucoraceae.

It can exist in both yeast and hyphal morpholo

gies depending upon the growth conditions and hence has served as
a model system for studying cellular morphogenesis.

A morphogene

tic shift was effected by shifting the atmosphere of Mucor yeast
cells from carbon dioxide to air, which also resulted in an increase
in the growth rate from 0.179 to 0.476 doublings/hr.

The investiga

tors noted an increase in the polypeptide chain elongation rate,
as calculated from the equation of Forchhammer and Lindahl (1971),
immediately upon changing the atmosphere.

This method of determin

ation, depending as it does upon the measurement of the cellular
growth rate, cellular protein content, cellular RNA content, the
number of ribosomes per cell and the percentage of ribosomes active

in translation, is similar to that used by most of the early inves
tigators studying bacteria.

As a check on the results of this work,

transit time determinations were made according to the method of
Haschemeyer (1969) with data analyzed according to Scornik (1974).
The method, which measures the time required for the average ribo
some to traverse a message of average length, is based upon the
kinetic distribution of an isotopically-labelled amino acid between
nascent and completed polypeptide populations.

The transit times

in fact displayed the ideal reciprocal relationship with the poly
peptide chain elongation rates that would be expected if both deter
minations were valid.

The concentration of ribosomes per cell did

not change during the shift, but the percentage of ribosomes active
in protein synthesis decreased during this period.

It was suggested

by the authors at the time that the observed changes might represent
events related directly to morphogenesis and consequently be of
potential interest to those studying the regulation of development.
Orlowski (1981) also reported observations on Mucor addressed
to the regulation of protein synthesis per se. The organism was
grown in both morphologies, at various growth rates determined by
the nutritional composition of the medium.

In yeast, the growth

rate was varied from 0,043 doublings/hr to 0.434 doublings/hr.
hyphae, the growth rate was adjusted from
0.5 doublings/hr.

0.21

In

doublings/hr to

The percentage of ribosomes active in protein

synthesis was determined according to the sucrose-density-gradient

procedure of Orlowski and Sypherd (1978).

The number of ribosomes

per gram of cellular protein was calculated from a relationship
including the amount of total cellular RNA, the percentage of RNA
constituting the ribosomal species, the amount of total cellular
protein and the molecular weights of ribosomal RNA from
as determined by Lovett and Haselby (1971).

racemosus

The peptide chain elong

ation rate was calculated from the equation of Forchhammer and Lin
dahl (1971),

Transit times were determined as described above

(Haschemeyer, 1969; Scornik, 1974).
In these studies it was found that the percentage of ribosomes
active in yeast cultures increased from 71.5% to 85.9% and the num
ber of ribosomes per gram of cellular protein increased from 3.6 x
10 16 to 12.5 x 1016, while the polypeptide chain elongation rate
varied from 1.9 to 5.5 amino acids polymerized/sec/ribosome, as the
growth rate varied from 0.043 to 0.434 doublings/hr.

In hyphal cul

tures, the number of ribosomes per gram of cellular protein varied
from 5.6 x 1016 to 12.0 x 10 16 and the polypeptide chain elongation
rate varied from 4,8 to 6.7 amino acids polymerized/sec/ribosome as
the growth rate was adjusted between 0.21 and 0.5 doublings/hr.
In both morphologies, the cellular ribosome concentration and the
polypeptide chain elongation rates were linear functions of the
growth rate.

The growth-rate-dependency of the active ribosome frac

tion was not so simple.

In yeast cultures, cells growing at certain

of the slower growth rates actually exhibited higher proportions of

active ribosomes than did the faster-growing cells.
Reports of nutritional shift experiments carried out on eukary
otic organisms are extremely rare, being limited almost entirely to
a pair of companion studies performed on Saccharomyces cerevisiae
and two studies on Neurospora crassa.
that

Ludwig et al (1977) reported

cerevisiae responded to a Casamino acids shift-up with an

immediate increase in the rate of protein synthesis and an increase
in the rate of RNA accumulation only after a 15-to-20-minute lag.
The latter increase was initially greater than that required to sus
tain the new higher growth rate, and was due to an increase in the
synthesis of large ribosomal RNA.

The rates of 5S rlbosomal RNA

and transfer RNA synthesis increased much later.

Starvation exper

iments performed on Saccharomyces by Oliver and McLaughlin (1977)
indicated similarly that tRNA synthesis is regulated separately from
rRNA synthesis.

In Neurospora. Sturani ejt ail (1976) reported that

after an acetate-to-glucose shift-up the rate of protein synthesis
remained at pre-shift values for two hours while the rate of RNA
synthesis increased markedly after a lag of only 30 min, initially
at a rate greater than that necessary to maintain the ultimate post
shift growth rate.

The rate of ribosomal protein synthesis increased

along with the rate of RNA synthesis.

The characteristic steady state

level of ribosomes was attained approximately 2-to-2.5 hours after
the shift.

In addition, Sturani, Magnani and Alberghina (1973) repor

ted that Neurospora responded to a glucose-to-glycerol shift-down

with a strong depression of RNA accretion for at least two hours,
whereas protein accumulation was little affected during this period.
The data from Neurospora are quite reminiscent of the classical
bacterial shift-up, but the data from Saccharomyces are rather dif
ferent from those earlier observations.

In Neurospora, the rate of

RNA synthesis accelerated significantly before the rate of protein
synthesis responded in any way to the shift.

However, in Saccharo

myces , the rate of protein synthesis accelerated long before the
rate of RNA synthesis did so, a somewhat curious result certainly
not explainable by the constant efficiency hypothesis.

With such

a paucity of data bearing on the nutritional shift phenomenon in
fungi, any generalized remarks concerning mechanisms regulating
macromolecular synthesis during such events would be premature.

In

view of this current state of knowledge, a study of macromolecular
synthesis during the nutritional shift adaptation in Mucor seemed
a rather appropriate extension of the earlier investigations on
growth rate responses.
The overwhelming majority of the studies discussed above have
been conducted in batch culture.

Continuous culture techniques

seem to have been largely ignored in studies of macromolecular syn
thesis, with the exception of studies by Koch and his colleages on
Escherichia coli (Alton and Koch, 1974; Koch and Deppe, 1971; Koch,
1971; Koch, 1980).

Reports of the use of continuous culture to

study macromolecular synthesis in eukaryotes are almost completely
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absent from the literature.

Batch culture can be frought with

problems, however, due to the fact that neither the growth rate, as
determined by Wang and Koch (1978), nor the nutritional conditions
are constant.

Batch culture cells are in a continual state of flux

due to the ongoing uptake of nutrients and production of toxic wastes.
Continuous culture circumvents this problem.

A constant influx of

fresh medium into the growth vessel, coupled with a constant efflux
of cells and spent medium, maintain the cells in a stable nutritional
environment in a constant steady state of growth.

These conditions

can be maintained indefinitely as long as fresh medium is available
to be delivered into the growth vessel at a constant rate.

In order

to study the effect of growth rate on macromolecular synthesis in
fungal systems, all of the investigators named above had to resort
to drastic changes in the composition of the growth media used.
Not just one but several different macronutrients (such as the car
bon source, the nitrogen source or the phosphate source) or micro
nutrients (such as vitamins and trace minerals) were often mani
pulated in the course of a study.

The use of continuous culture in

several of the present experiments on Mucor presumably eliminated
the uncertain and potentially confounding effects of comparing cells
growing at the expense of greatly different nutrient mixtures and
exhibiting drastically different physiologies.

MATERIALS AND METHODS

Organism
Mucor racemosus (Fresenius) syn. M. lusitanicus (Brunderkin)
was employed in all experiments.

The organism is a dimorphic Zygo

mycete of the family Mucoraceae.

Shifts from yeast to hyphal morph

ology and vice versa can be easily and synchronously obtained by
varying the nutritional and/or atmospheric conditions in which the
cells are grown.

Cells grown in the presence of 2% (wt/vol) fermen

table hexose, with an atmosphere of nitrogen sparged at a minimum
of

4

vol/vol/min, or of carbon dioxide, will grow in the yeast form.

Cells grown under an air atmosphere or nitrogen at a low flow rate
(< k vol/vol/min) will exhibit hyphal morphology.

Strain 1216B of

the organism (American Type Culture Collection, Baltimore, MD) was
employed in all continuous culture experiments and all atmospheric
shift experiments.

Strain leu2A, derived from strain 1216B and aux

otrophic for leucine (Peters and Sypherd, 1978) was used in all nu
tritional shift experiments.

Media and Culture Conditions
All cultures were grown at 22°C and sparged with the appropriate
gas.

The culture medium employed in continuous culture and atmospheric

shift experiments was composed of

2%

(wt/vol) glucose,

1%

(wt/vol)

Bacto-Peptone, and 0.3% (wt/vol) Bacto-Yeast Extract (Difco Labora19

20

tories, Detroit, MI).

Cultures for nutritional shift experiments

were started out in a defined medium (DM) composed of Bacto Yeast
Nitrogen Base without Amino Acids or Ammonium Sulfate (Difco), 5 g/
liter; L-alanine, 1.5 g/liter; L-aspartate, 1.5 g/liter; L-glutamate,
1.5 g/liter; (NH^^SO^, 1.0 g/liter; D-glucose, 20 g/liter; and
L-leucine, 0.131 g/liter.

The leucine concentration of this medium

approximates the molar concentration of leucine residues in the
yeast extract/peptone medium (YPG) described above, as determined
by automated amino acid analysis.

The pH of all media was adjusted,

prior to autoclaving it, to 4.5 with H 2 SO4 .

Glucose was always

autoclaved separately and added to the other components of the med
ium just prior to inoculation.
The apparatus employed for continuous culture was first described
by Summers, Boudreaux and Srinivasan (1981) and was constructed of
a 1000-ml Berzelius beaker equipped with a short glass sidearm and
fitted with a No. 15 butyl rubber stopper.

The stopper had several

ports for delivery of gas, growth medium, inoculation; for sampling;
and for gas efflux.
425 ml.

The growth chamber had an effective volume of

Cells were kept in suspension by employing a magnetic stir

rer, and the vessel was insulated from the heat of the stirrer by
resting it on a glass Petri dish lid approximately one—half inch
high.

The appropriate gas was supplied at a constant flow rate, con

trolled by a Matheson regulator, from a cylinder and through a sin
tered glass sparger immersed in the growth medium.

The flow rate of

medium into the growth chamber was controlled using a peristaltic
pump (Brinkmann Instruments, Westbury, NY).
For both atmospheric and nutritional shifts, cultures were
grown at room temperature in 500-ml Erlenmeyer flasks on a rotary
shaker set at 200 RPM.
appropriate gas.

Flasks were equipped for sparging with the

The gas was passed through a water-filled gas

washing bottle to saturate it with water and prevent evaporation of
the culture.

For nutritional shift-up experiments, cultures were

supplemented at the appropriate time with one-tenth the culture
volume of a sterile nutritional enrichment containing

10%

(wt/vol)

Bacto-Peptone and 3% (wt/vol) Bacto-Yeast Extract, pH 4.5,

Dry Weight, Culture Turbidity, Total Cellular Protein and Total Cel
lular RNA
Dry weight per ml of culture was determined by collecting cells
from a known volume of culture on nitrocellulose filters (Millipore
Corp., Bedford, MA; pore size 0.45 ym), washing with two volumes of
distilled water, transferring to pre-weighed aluminum pans and drying
to constant weight at 100°C in a convection oven.

The pans, with

dried cellular residue, were weighed on an analytical balance.

Cul

ture turbidity was determined with a Bausch and Lomb Spectronic 20
spectrophotometer at a wavelength of 420 nm.
Cells for both protein and RNA measurement were mixed with an
equal volume of cold

10%

(wt/vol) trichloroacetic acid, collected

on teflon filters (Millipore; pore size 10 ym), washed with two vol

umes of cold

10%

trichloroacetic acid, washed with water, resuspended

in 1 N NaOH and heated at 85°C in a water bath for 20 min.

Cell de

bris was removed by centrifugation and the supernatant fraction as
sayed as follows.

Protein was determined using a modification of

the colorimetric procedure of Lowry et al (1951).

Intensity of the

color complex was measured at 750 nm in a Beckman Model 35 spectro
photometer.

Bovine serum albumin (Sigma Chemical Company, St. Louis,

MO) was used as a protein standard.
dure of Cheung et al (1974).

RNA was measured by the proce

The absorbance of the extracted mater

ial was measured at 260 nm with a Beckman Model 35 spectrophotometer
and the concentration of RNA calculated on the basis of 40 yg RNA/ml
Per A260nm unit*
Sucrose Density Gradient Analysis of Polyribosomes and Total RNA
Cell samples to be used for polysome analysis were prepared as
follows.

Just prior to harvesting the cells 300 yg/ml of cyclohex-

imide (Sigma) was added to the culture and incubation continued for
five additional minutes.

The cells were then collected by filtra

tion and washed with two volumes of a buffer containing 40 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.25), 10 mM magnesium
acetate, 500 mM potassium chloride and 300 yg/ml cycloheximide (TMK
buffer plus cycloheximide).

The cells were immediately placed in

a prechilled mortar (that had been baked at 100°C for 48 hr to inac
tivate any RNase) and ground vigorously under liquid nitrogen for
approximately three minutes.

The broken cells were suspended in a
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small volume of sterilized TMK buffer with cycloheximide and cell
debris was pelleted by centrifuging at 15,000xg for 15 min at 4°C
in a Sorvall RC-2B refrigerated centrifuge.

The absorbance at 260 nm

was determined for the supernatant fluid in a Beckman Model 35 spec
trophotometer.

Samples of the supernatant fraction were incubated

on ice for 10 rain with 10 Mg/ml RNase or 10 Jlg/ml RNase-free DNase
(Sigma).

Eight A2 gQnm units of supernatant fraction were carefully

layered on top of 11-ml linear 10%-to-40% (wt/vol) TMK-buffered
sucrose density gradients resting on 0.8-ml 2 M sucrose cushions.
Gradients were centrifuged at 150,000xg for 85 min at 4°C in a
Beckman Model L2-65B ultracentrifuge using the SW-AlTi rotor.

Gra

dients were scanned at 254 nm with an ISCO Model 640 density gradient
fractionator equipped with a Model UA-5 absorbance/fluorescence mon
itor and chart recorder (Instrumentation Specialties Company, Lincoln,
NE).

Scans were integrated gravimetrically to determine the percen

tage of active ribosomes, assuming that all material migrating faster
than the 60S subunit peak represented actively translating ribosomes.
This had been established for various eukaryotic systems by Martin
(1973) and for M. racemosus by Orlowski and Sypherd (1978).

To sep

arate ribosomal RNA from soluble RNA, cells collected and broken as
described above (but without cycloheximide treatment) were suspended
in

8

ml of cold TMK buffer with 1% (wt/vol) sodium dodecyl sulfate

added, and extracted three times with two volumes of cold, water sa
turated phenol containing

0

.1 %

8 -hydroxyquinoline

as a preservative.
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After extraction, RNA was precipitated at -20°C overnight with two
volumes of absolute ethanol containing 300 mM ammonium formate.
The precipitate was collected by centrifugation at 30,000xg for 20
min, lyophilized, and dissolved in a small volume of a buffer (ANE)
containing 10 mM sodium acetate, 100 mM sodium chloride and 1 mM
ethylenediaminetetraacetic acid (pH 5.3).

A volume of this solution

containing 4.5 A 2 ^0r|m units was layered onto 11-ml ANE-buffered
5%-to-20% (wt/vol) linear sucrose gradients resting on 0.8-ml 2 M
sucrose cushions.

The gradients were centrifuged at 77,000xg for

20 hr at 4°C in a Beckman Model L2-65B ultracentrifuge using the
SW-4lTi rotor.

Gradients were scanned in an ISC0 density gradient

fractionator as described above and the scans were integrated gravimetrically to determine the relative percentages of ribosomal and
soluble RNA.

Assay for Protein Turnover
To assay for protein turnover in continuous culture experiments,
two ml portions of culture were withdrawn from the growth chamber and
pipetted into 13 x
appropriate gas.

1 0 0 -mm

test tubes equipped for sparging with the

L-[U- 1 **C]leucine or L-tU- 1 l,C]proline (New England

Nuclear Corporation, Boston, MA) with radiospecific activities of
289 Ci/mmol and 238 Ci/mmol respectively, were added to a final con
centration of 2.5 yCi/ml.

Culture samples (100 yl) were removed

at intervals and delivered into
acid.

1

ml of

10%

(wt/wt) trichloroacetic

Samples were heated at 90°C for 20 min and then chilled on
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ice (0°C) for 30 min.

The precipitates were collected on glass

fiber filters (Reeve Angel, Clifton, NJ) and washed with three 1-ml
volumes of 10% (wt/wt) trichloroacetic acid.

The filters were dried

under a heat lamp, placed into 20-ml glass vials, covered with 5 ml
of a scintillation counting solution (0.4% 2 ,5-dlphenyloxazole and
0,01% [2,2'-p-phenylenebis(5-phenyloxazole)] in toluene) and assayed
for radioactivity in a Beckman Model LS200 liquid scintillation
spectrometer.

After 20 min of isotope incorporation, a 200-fold

excess of unlabelled amino acid was added to each culture and samp
ling and assaying continued as above.

Amino Acid Incorporation into Protein during Nutritional Shift-up
Both pulse and steady-state labelling experiments were performed
using L-[U-1 **C]leucine (333 mCi/mmol; New England Nuclear).
experiments,

1 -ml

In pulse

samples of culture were transferred at intervals

into 13 x 100-mm test tubes equipped for nitrogen sparging and pulsed
with 5 yCi of L-tU- 1 C]leucine.

Triplicate 100-yl aliquots of the

labelled cells were withdrawn at intervals and pipetted into
10% (wt/wt) trichloroacetic acid.

1

ml of

Acid precipitable material was

collected and assayed for radioactivity as described in the previous
section.

Samples were also withdrawn at each time point for a dry

weight determination as described above.

For long term steady-state

labelling, small (5-to-7-ml) cultures were set up in large test
tubes fitted with butyl rubber stoppers and equipped for nitrogen
sparging.

Sampling was begun not less than 12 hr after the introduc-

tion of isotope (2 yCi/ml) into the culture.

Triplicate 100-yl

samples were transferred into

10%

1 -ml

roacetic acid at each time point.

volumes of

(wt/wt) trichlo

Acid Insoluble material was

collected and assayed for radioactivity as described above.

Incorporation of [3 ZP ]orthophosphate Into RNA during Nutritional
Shif t-up
For pulse labelling, 1-ml aliquots were transferred at intervals
from the culture vessel into 13 x 100-ml test tubes equipped for ni
trogen sparging and pulsed with 50 pCi of [3 2 P]phosphoric acid (car
rier-free: 285 Ci/mmol; New England Nuclear) for 30 minutes.
plicate

1 0 0 -ul

intervals into
acid.

Tri

aliquots of the pulsed culture were transferred at
1 -ml

volumes of ice-cold

10%

(wt/wt) trichloroacetic

Acid insoluble material was collected and assayed for radio

activity as described above.

Samples were withdrawn at each time

point for dry weight determination as described above.
For long term steady-state labelling, small (5-to-7-ml) cultures
were set up in large test tubes equipped for nitrogen sparging and
labelled at the time of inoculation with 2 Ci/ml of [3 2 P]phosphoric
acid.

Sampling was begun not less than 12 hr after the addition of

isotope to the culture.
at intervals into

1

Triplicate 100-yl samples were transferred

ml of ice-cold

10%

(wt/wt) trichloroacetic acid.

Acid insoluble material was collected and assayed as described
above.
In all nutritional shift experiments employing radioactive

label, sufficient Isotope was added at the time of the shift to
counterbalance the amount of non-radioactive nutrient contained
in the nutritional supplement.

L-leucine concentrations in the

culture medium were measured using a Beckman Model 120C amino acid
analyzer.

Inorganic phosphate concentrations in the growth medium

were measured using the ascorbate-molybdate reagent of Chen «it al
(1956).

Determination of Polypeptide Chain Elongation Rate and Cellular
Ribosome Concentration
The nascent polypeptide chain elongation rate was determined
from the equation of Forchammer and Lindahl (1971):
(Protein/120) x p
amino acids/sec/ribosome =_______ __ . ....

x In 2
...__ --------

(rRNA/2.04 x 106) x % Active Ribosomes x 3600
where the percentage of active ribosomes, protein and rRNA are measured
quantities, In

2

is from the growth rate equation, p is the growth

rate

in doublings/hr, 3600 is the number of sec/hr, 120 is theaverage mol
ecular weight of the 20 L-amino acids occurring in protein, and 2.04 x
10

is the molecular weight of

racemosus rRNA (combined weight of

18S and 25S molecular species) as reported by Lovett and Haselby (1971).
The ribosome density (ribosomes per gram of cellular protein) was
calculated from the equation of Orlowski (1981):

ribosomes/g protein = —

RNA x % rRNA x 6.02 x 102S
____________________________
Protein x 2.04 x 106

where 6.02 x 1023 is Avogadro's number and all other parameters were

derived as above.

Pulse Labelling during Atmospheric Shifts
At intervals during the shift, 1-ml samples of culture were
transferred into 13 x 100-mm test tubes equipped for sparging with
the appropriate gas.

These samples were labelled with either L-[U-

ll4C]leucine (289 mCi/ramol, final concentration: 1 yCi/ml) or L-[UllfC]proline (260 mCi/mmol, final concentration: 1 pCi/ml).

One hun-

dred-pl samples were withdrawn from the labelled cultures at inter
vals, precipitated, and assayed for radioactivity as described
above.

At each time point, samples were also withdrawn from the

culture for protein assay by the method of Lowry et^ ^1 (1951).

RESULTS

Continuous Culture Studies
The purpose of this segment of the work was to study how the
rate of protein synthesis is regulated as a function of the cellular
growth rate in a eukaryotic microorganism.

As described earlier,

the extant data for prokaryotic systems were originally interpreted
to favor a limited growth rate response by these cells.

The model

derived from these data and termed the "constant efficiency hypo
thesis", postulated the rate of protein synthesis to be directly
proportional to the number of ribosomes actively generating new pro
tein molecules.

Later studies challenged this notion, which has not

altogether lost its adherents.
The scant data for eukaryotic systems does provide evidence for
a more tractable response of the polypeptide chain elongation rate
to the cellular growth rate in addition to observed changes in the
intracellular concentration of ribosomes and the percentage of ribo
somes engaged in protein synthesis.
there are opposing camps here too.

However, as elucidated above,
A recent study performed in this

laboratory (Orlowski, 1981), employing M. racemosus as the experi
mental organism, showed both the polypeptide chain elongation rate
and the cellular ribosome concentration to be linear functions of
the growth rate for batch-cultivated cells grown in various media
29

capable of sustaining a wide range of growth rates.

The present study

is an extrapolation of these last reported results for Mj_ racemosus.
in which the growth rate was controlled by varying the dilution rate
in a continuous culture system.
Regulation of macromolecular synthesis has seldom been studied
in continuous culture, either in prokaryotic systems or in eukaryotic
systems.

Batch culture may produce quite misleading results due to

the fact that neither the growth rate (Wang and Koch, 1978) nor the
nutritional conditions are constant.

Continuous culture circumvents

this problem by maintaining cells in a stable nutritional environment
in a constant steady state of growth.
Yeast cells of

racemosus were grown under a nitrogen or carbon

dioxide atmosphere in continuous culture at various dilution rates,
in a complex medium containing 2% (wt/vol) glucose and at pH 4.5.

The

flow of medium was started once the inoculum reached the mid-exponential
phase of growth.

The lower the flow rate, the greater the time needed

to acheive steady state in the system.

The steady state population

density was stable indefinitely at a given growth rate (flow rate)
but increased slightly as a function of increasing growth rate (flow
rate).

Washout of cultures under carbon dioxide occurred at flow

rates corresponding to growth rates of more than 0.5 doublings/hr.
Since cultures grown under nitrogen showed considerable clumping and
aggregation at growth rates above 0.7 doublings/hr, no reliable wash
out point could be determined in these cultures.
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Cells were harvested after the culture had attained steady
state (beyond seven residence times) and were analyzed for the various
parameters needed to obtain the cellular ribosome concentration, the
percentage of ribosomes active in translation and the polypeptide
chain elongation rate.

The data were originally published by Ross

and Orlowski (1982a).
Figure One shows the changes observed in cellular ribosome con
centration and percentage of active ribosomes with changing growth
rate under a nitrogen atmosphere.

A considerable increase in the

number of ribosomes per mg of total cellular protein was observed
in these cells as the growth rate increased.

Most of this increase

occurred between the slow and moderate growth rates.

The proportion

of total ribosomes engaged in protein synthesis showed an approxi
mately linear increase with increasing growth rate.

Figure Two re

lates the cellular ribosome concentration and the percentage of ac
tive ribosomes to growth rate under a carbon dioxide atmosphere.
A roughly linear increase in the fraction of ribosomes active in
protein synthesis was observed with increasing growth rate in these
cells, but very little increase was observed in the cellular ribo
some concentration.
Figures Three and Four relate changes in the polypeptide chain
elongation rate to changes in the growth rate under nitrogen and
carbon dioxide respectively.

In both cases, the increases were sig

nificant and clearly linear, though not superimposable.

An essential
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step in any study of the rate of protein synthesis is a determination
of protein turnover.

The net rate of protein synthesis is the dif

ference between protein actually being formed and protein being de
graded.

Protein accumulation over time is a direct reflection of

this net rate.

Thus, the rate of protein accumulation equals the

actual rate of synthesis only if degradation is effectively nil, and
any calculation of the rate of protein synthesis based upon a meas
ure of protein accumulation is invalid if significant protein turn
over does occur and is ignored.
Cells withdrawn from the continuous culture vessel and pulse
labelled with L- [ 1 ^CJ leucine or L-[l11C] proline never showed release
of labelled amino acids upon being chased with unlabelled amino acid.
These experiments and those of Orlowski (1981) suggest that there
is little or no protein turnover in actively growing cells of M.
racemosus.

Thus the calculated rates of polypeptide chain elonga

tion may be accepted with confidence.
The overall findings described in this section of the work
corroborate the earlier reports of Orlowski (1981) and are strong
evidence for regulation of the rate of protein synthesis both at the
level of the polypeptide chain elongation rate and at the level of
the number of nascent polypeptides simultaneously being formed.

Atmospheric Shifts
Orlowski and Sypherd (1978) studied the regulation of the trans
lation rate in

racemosus during the yeast-to-hypha morphogenesis

caused by a change in the culture atmosphere from carbon dioxide to
air.

Among their findings was a large, rapid increase in the poly

peptide chain elongation rate (ultimately greater than 3.5-fold) and
a gradual decrease in the percentage of active ribosomes throughout
the course of morphogenesis.

Transit time determinations performed

according to the method of Scomik (1974) corroborated the polypep
tide chain elongation rate data.

The authors speculated that the

observed changes in ribosome recruitment and polypeptide chain elon
gation rate may be correlates of morphogenesis per se.
Evidence pointing away from this possibility was first presented
by Orlowski and Ross (1981), who performed pulse labelling experiments
with radioactive amino acids on

racemosus cultures undergoing

atmospheric shifts with and without attendant morphogenesis.

The

results of these experiments, which are presented in Figure Five,
indicate that there was no significant change in the rate of amino
acid incorporation as a consequence of morphogenesis.

Morphogenesis,

in these experiments, was the result of a nitrogen-to-air shift.
Unlike the carbon dioxide-to-air shift, which had an accompanying
growth-rate change from 0.179 to 0.476 doublings/hr, the nitrogento-air shift was accompanied by only a slight increase in the growth
rate from 0.434 to 0.476 doublings/hr.

A previously published exper

iment had indicated that the rate of radioactive amino acid incorp
oration into protein increased commensurate with an observed growthrate increase from 0.179 to 0.434 doublings/hr during a carbon

dioxide-to-nitrogen atmospheric shift (Orlowski and Sypherd, 1977).
It thus became apparent that the observed increase in the rate of
protein synthesis might be a function of changing growth rate, ra
ther than of a change in cell morphology.
In order to further investigate this problem, experiments of
the type described in the preceeding section were performed on batchgrown cells of M. racemosus subjected to two different atmospheric
shifts:

carbon dioxide-to-nitrogen, which entailed a large increase

in growth rate without accompanying morphogenesis, and nitrogen-toair, which involved a yeast-to-hypha morphogenetic change with an
almost insignificant increase in the growth rate.

The results, as

published by Ross and Orlowski (1982b), are summarized in Tables
One and Two.

In the carbon dioxide-to-nitrogen shift, the polypep

tide chain elongation rate showed an immediate three-fold increase
in the first hour post-shift, and remained high throughout the shift
period.

No systematic variation was seen in the fraction of total

RNA associated with ribosomes, the intracellular concentration of
ribosomes, or the percentage of ribosomes active in translation
(Table One).

During the nitrogen-to-air shift, none of the measured

parameters changed significantly in the course of the morphogenesis
(Table Two).

In summary, the shift that entailed a large growth-

rate increase, while nonmorphogenetic, showed a dramatic increase in
peptide elongation rate, whereas the morphogenetic shift that was
unaccompanied by any significant change in the growth rate gave rise
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to no change of significance in any of the relevant parameters.
From these findings we must conclude that the observed adjustments
in the machinery of translation are related not to morphogenesis
per se. but rather to changes in the growth rate.

Nutritional Shift Experiments
Many experiments have been performed in the past twenty-five
years or so in which bacterial cultures have been shifted from one
steady state of growth to another,

eitherby nutritional supple

mentation in response to

which the growth rate increases

or transfer of the cells

from rich medium to poor medium in response

to which the growth rate

decreases (shift-down) (Maaltfe and Kjeld-

gaard, 1966; Neidhardt and Magasanik, 1960).

(shift-up),

A common observation

in these studies was the immediate or very early overproduction of
RNA in response to a shift-up stimulus.

After a period of unbalanced

growth, RNA synthesis leveled off to a new steady-state rate appro
priate to the altered nutritional environment.

Ribosomal RNA accoun

ted for most of the "surplus" RNA synthesized during this period.
Not until RNA synthesis had been properly readjusted did the rate
of protein synthesis increase to its new steady-state levels charac
teristic of the new culture medium.

This is almost certainly a

reflection of the preponderant importance of cellular ribosome con
centration in the adjustment of the rate of protein synthesis and
certainly in keeping with the cardinal principle of the constant
efficiency hypothesis.

Reports of similar investigations in fungal systems are extremely
rare, however, and seemingly confined to a small handful of experi
ments performed on Saccharomyces and Neurospora.
only scant, they are also conflicting.

The data are not

Observations reported for

Neurospora are reminiscent of the bacterial data (Sturani et al, 1973).
Wehr and Parks (1969) found similar results in Saccharomyces.
ever, other data on Saccharomyces show an opposite pattern.

How

The

increase in RNA synthesis reportedly lagged behind the increase in
protein synthesis (Ludwig «Jt al, 1977).

Thus, a study of the response

of M. racemosus to nutritional shift-up should certainly be of value.
Cells of M. racemosus strain leu2A (Peters and Sypherd, 1978),
which is auxotrophic for leucine, were grown in the yeast phase un
der a nitrogen atmosphere and shifted from a defined medium (growth
rate approximately 0.17 doublings/hr) to a complex medium (growth
rate approximately 0.43 doublings/hr).

The growth of the organism

was followed according to several parameters (protein, dry weight
and turbidity) as shown in Figures Six and Seven.

All three para

meters displayed a lag before entering the higher post-shift rate
of increase.
one hour.

The duration of this lag was probably no more than

Cells were also labelled to a steady-state radiospecific

activity with L-[1 '*C]leucine or [3 ZP]phosphoric acid prior to a shiftup.
Nine.

The data from these studies are presented in Figures Eight and
Here again a post-shift lag, of one-hr maximum duration, was

observed.

Pulse labelling experiments were also performed during

shift-up with the same isotopes.

The data in Figure Ten show that

the post-shift increase in the rate of [32P]phosphate incorporation,
reflecting mainly ENA synthesis, did not preceed but actually lag
ged behind the increase in the rate of radioactive amino acid incorp
oration, representing protein synthesis.

This is a stark reversal

of the order of events observed in the classical bacterial systems.
In the last series of experiments, cells taken at various times
before and after shift-up were analyzed for the various parameters
necessary to determine the polypeptide chain elongation rate, the
cellular ribosome concentration and the percentage of ribosomes act
ive in translation.
Twelve.

The data are summarized in Figures Eleven and

The polypeptide chain elongation rate more than doubled

between time zero and the first 30 min post-shift.

The percentage

of ribosomes active in protein synthesis likewise quickly and strik
ingly increased.

The cellular ribosome concentration did not show

any systematic change, whereas the percentage of total RNA found in
the ribosomes increased slightly at the later post-shift times.
These data indicate that the first response of this organism to
nutritional conditions capable of supporting a higher growth rate is
to increase both ribosome recruitment into polysomes and the poly
peptide chain elongation rate.

TABLE ONE
POLYPEPTIDE CHAIN ELONGATION RATE AND OTHER MEASURED PARAMETERS DURING A C02- T O N 2 SHIFT IN WHICH
MUCOR RACEMOSUS MAINTAINS THE YEAST MORPHOLOGY

Time Relative
to Shift (h)

0
1
2
4
6
8

y
(doublings/h)

0.179
0.434
0.434
0.434
0.434
0.434

%rRNA

78.9
84.8
87.5
81.7
80.9
87.2

Ribosomes/
mg Protein

8.1
7.4
8.1
9.4
8.4
7.6

x
x
x
x
x
x

1013
1013
1013
1013
1013
1013

Z Active
Ribosomes

87.2
79.0
83.8
78.0
82.8
78.1

Polypeptide Chain
Elongation Rate
(AA/sec/Ribosome)a

2.4
7.2
6.1
7.5
6.0
7.1

Cells were sampled at the times Indicated In column 1. At time zero the atmosphere to which the cells
were exposed was changed from C02 Co N2. The growth rate was measured on the basis of total protein
accumulation in the culture with time. The other values were determined as described in the text.
Abbreviation used: amino acids added to a nascent peptide chain per second per ribosome.
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TABLE TWO
POLYPEPTIDE CHAIN ELONGATION RATE AND OTHER MEASURED PARAMETERS DURING A N2-TO-AIR SHIFT IN WHICH
MUCOR RACEMOSUS CONVERTS FROM YEASTS TO HYPHAE

Time Relative
to Shift (h)

0
1
2
4
6
8

M
(doublings/h)

0.434
0.500
0.500
0.500
0.500
0.500

ZrRNA

Ribosomes/
mg Protein

82.4
80.1
82.5
82.9
82.5
81.5

9.3
7.9
8.5
8.1
8.3
8.8

x
x
x
x
x
x

1013
1013
1013
1013
1013
1013

Polypeptide Chain
Elongation Rate
(AA/sec/Ribosome)a

X Active
Ribosomes

73.8
88.9
75.0
79.3
85.9
82.5

.

7.1
6.8
7.6
7.6
6.8
6.6

Cells were sampled at the times indicated in column 1. At time zero the atmosphere to which the cells
were exposed was changed from No to air. The growth rate was measured on the basis of total protein
accumulation in the culture with time. The other values were determined as described in the text.
aAbbreviation used: amino acids added to a nascent peptide chain per second per ribosome.
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Figure One:

Cellular ribosomes concentration (closed circles)

and percentage of ribosomes active in protein synthesis (open cir
cles) as a function of Mucor growth rate in continuous culture un
der a nitrogen atmosphere.
least two experiments.

Each point represents the average of at
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Figure Two:

Cellular ribosome concentration (closed circles)

and percentage of ribosomes active in protein synthesis (open cir
cles) as a function of Mucor growth rate in continuous culture un
der a carbon dioxide atmosphere.
of at least two experiments.

Each point represents the average
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Figure Three:

Polypeptide chain elongation rate (number of

amino acids polymerized per second per ribosome) as a function of
Mucor growth rate in continuous culture under a nitrogen atmos
phere.

Each point represents the average of at least two separ

ate experiments.
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10
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Figure Four:

Polypeptide chain elongation rate (number of

amino acids polymerized per second per ribosome) as a function of
Mucor growth rate in continuous culture under a carbon dioxide
atmosphere.

Each point represents the average of at least two sep

arate experiments.

amino acids/sec/ribosome
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Figure Five:

Specific rates of protein synthesis during a

nitrogen-to-air shift and yeast-to-hypha morphogenesis of
mosus in YPG medium.

race-

Incorporation of L-[111C]leucine (circles) or

L-[1**C]proline (squares) into hot trichloroacetic acid-insoluble
material was measured during a 15-min pulse and the rate of incor
poration was normalized to total cellular protein.
of each gas was 10 vol/vol of medium/min.

The flow rate

The atmospheric shift

was carried out at 0 hr as indicated on the abscissa.
points were taken in triplicate and averaged.
was performed at least twice.

Individual

Each experiment
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Figure Six:
measurements.

Nutritional shift-up in

Ordinate:

racemosus:

Dry weight/ml of culture fluid.

Dry weight
Abscissa

Time course of nutritional shift-up (shift = 0 hr) from defined
medium (DM) to yeast-peptone-glucose (YPG) broth.

The cells were

maintained as yeasts under a nitrogen atmosphere.

The experiment

was performed several times.

Representative data are displayed.
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Figure Seven:

Nutritional shift-up in M. racemosus:

and turbidity measurements.
culture fluid (open circles).
at 420 nm (closed circles).

Left ordinate:

shift-up (shift = 0 hr) from DM to YPG.
as yeasts under a nitrogen atmosphere.
formed several times.

Total protein/ml of

Right ordinate:
Abscissa:

protein

Culture turbidity

Time course of nutritional
The cells were maintained
Each experiment was per

Representative data are presented.
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Figure Eight:

Nutritional shift-up in M. racemosus:

Steady

state labelling kinetics with L-t1*,C]leucine before and after a
nutritional shift-up from DM to YPG.

Ordinate:

Hot trichloro

acetic acid-insoluble radioactivity per 100 yl of culture fluid.
Abscissa:

Time course of shift-up (shift = 0 hr).

were taken in triplicate and averaged.
formed twice.

All points

The experiment was per
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Figure Nine:

Nutritional shift-up in

racemosus:

Steady

state labelling kinetics with [32P]phosphoric acid before and
after a nutritional shift-up from DM to YPG.

Ordinate:

Cold

trichloroacetic acid-insoluble radioactivity per 100 yl of culture
fluid.

Abscissa:

Time course of shift-up (shift = 0 hr).

All points were taken in triplicate and averaged.
was performed three times.

The experiment

P CPM
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Figure Ten:

Pulse labelling kinetics with L-[1'*C]leucine and

132PJphosphoric acid during nutritional shift-up of
Left ordinate:

racemosus.

Instantaneous rate of [32P]phosphate incorporation

into cold trichloroacetic acid-insoluble material.

Right ordinate:

Instantaneous rate of L-[1‘‘C]leucine incorporation into hot tri
chloroacetic acid-insoluble material.

All rates were normalized

to dry weight of cells in the culture sample.

Abscissa:

Time

course of nutritional shift-up from DM to YPG (shift = 0 hr).

The

cells were maintained in the yeast form under a nitrogen atmosphere.
All points were taken in triplicate and averaged.
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Figure Eleven:

Polypeptide chain elongation rate (amino acids

polymerized per second per ribosome) before and after nutritional
shift—up of

racemosus yeast cells from DM to YPG.

Chain elongation rate.
= 0 hr).

Abscissa:

Ordinate:

Time course of shift-up (shift

The culture was maintained under nitrogen.

All points

represent the average of at least two separate experiments.
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Figure Twelve:

Cellular ribosome concentration and percentage

of ribosomes active in protein synthesis before and after a nutri
tional shift-up in

racemosus.

Left ordinate:

somes active in translation (open circles).

Percent of ribo

Right ordinate:

Cel

lular ribosome concentration expressed as number of ribosomes/mg
of total cellular protein (closed circles).

Abscissa:

of shift-up from DM to YPG under a nitrogen atmosphere.
was performed at t = 0 hr.
morphology.
experiments.

Time course
The shift

Cells were maintained in the yeast

Each point represents the average of at least two
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DISCUSSION

The results of the present study suggest a system for regulat
ing the rate of protein synthesis possessed of a rather varied re
pertoire of responses to environmental change.

This is in signifi

cant contrast to the widely accepted model describing the regula
tion of protein synthesis in prokaryotes known as the constant
efficiency hypothesis.

The present study describes a simple eukar

yotic organism capable of exerting fine regulatory control upon
its translational machinery at three potential foci:

i) ribosome

recruitment, ii) the polypeptide chain elongation rate and iii) the
cellular ribosome concentration.

A system of the Maal^e-Kjeldgaard

type can avail itself of but a single mode of control, that of
ribosome content per cell.

A cell with the sort of regulatory sys

tem described here can respond to conditions appropriate to a fas
ter growth rate with at least two steps that are very conservative
of energy and raw materials.

Neither increased polypeptide elonga

tion rate nor enhanced ribosome recruitment requires, according to
the presently accepted precepts of biochemistry, any significant
additional expenditure of bond energy nor of RNA precursors.

On

the other hand, a cell whose only recourse is to increase its rib
osome content must of necessity make a rather considerable invest
ment of energy and raw materials before the translation rate can be
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significantly stepped up.

The Maalde-Kjeldgaard system thus forces

the cell, very early on, to "spend money in order to make money",
whereas a cell with the type of control discussed here can first
employ its two "cheap" modes of control— enhanced ribosome recruit
ment and increased polypeptide elongation rate— and delay, perhaps
for several generations, any commitment of energy and materials
necessary to significantly increase the cellular ribosome concen
tration.

Such a tripartite regulatory system should confer upon

the cell a greater sensitivity to environmental vicissitudes, en
abling it to make a closer fit between the resources available to
it and the rate at which those resources are utilized.

Furthermore,

and probably more significantly, a cell whose first responses to
altered nutrition are short-term and energy-conservative rather
than long-range and energy-intensive should be better able to cope
with an environment characterized by brief Interludes of "feast"
and long stretches of "famine".
There may be constraints inherent in the basic architecture
and molecular biology of the typical prokaryote that necessitate
regulation of translation by some variation of a Maalvle-Kjeldgaard
model.

Translation in prokaryotes is apparently directly coupled

to transcription.

Both processes occur at the same time in the

same locale in an essentially non-compartmentalized cytosol.
Furthermore, the prokaryotic message is extremely short-lived.
last statement is perhaps the most significant.

The

If bacterial RNase
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molecules are ubiquitous in the cytosol, any nascent message that
is not immediately bound by ribosomes and translated may be quickly
degraded before its translation is ever initiated.

Such a condition

should tend to favor a system in which ribosome efficiency is max
imized, a system in which ribosomes bind to nascent message as soon
as it becomes available, translate it as quickly as possible, and
continue to repeat the process.
The constraints upon translation of mRNA's are considerably
different in the eukaryotic cell.

The eukaryotic cell is highly

compartmentalized and of extreme complexity.

The genetic infor

mation of the cell is itself compartmentalized.
two basic levels of organization.

This is true at

The sum total of the genetic

information is, with very few exceptions, divided between a nucleus
and organelles (mitochondria and, if present, plastids).

The nu

clear genome is packaged into discrete strands of chromatin.

The

flow of genetic information, far from proceeding through a series
of a few tightly coupled processes, is characterized by a complex
sequence of rather poorly understood reactions, such as polyadenylylation of the 3' end of the primary transcript, 5'-capping of the pre
message, excision of introns followed by ligation of the exons,
internal methylation of specific bases in the message, and complexation with specific proteins to form messenger ribonucleoprotein
particles (mRNP's) (Darnell, 1979).

Each of these processes is a

potential focus of regulatory activity.

Addition of the polyaden-

yllic acid "tail" to the mRNA and complexation of the mRNA with pro
teins in the mRNP's probably provide the eukaryotic cell with the
ability to regulate messenger half-life much more effectively than
any mechanism the prokaryotic cell has at its disposal.

An additional

"fine-tuning" capacity present in eukaryotes but absent in prokary
otes is the tripartite transcriptional system, with a distinct RNA
polymerase responsible for the production of each major class of RNA.
The basic regulatory strategy postulated by the constant effi
ciency hypothesis does in fact seem consistent with the general trend
of regulatory phenomena observed in prokaryotes.

In these simple

organisms most functions appear to be implemented by means of stream
lined mechanisms and quick responses.

The DNA is essentially naked.

Genes for a single pathway are frequently grouped into operons under
the governance of a common regulatory region and special regulatory
proteins designed to interact with these control regions are sensi
tive to signals from a number of low molecular weight compounds such
as sugars, amino acids, cyclic nucleotides, and tRNA's.

Regulation

of the non- constitutive genes seems to be exerted almost entirely
at the level of transcription.

Message is not made until needed,

and once it is no longer utilized it is rapidly degraded.

In such

a system it seems most sensible that the machinery of translation
should function at near maximum efficiency most if not all the time.
While it is still too early to make a great many definitive
statements concerning regulation in eukaryotes, a number of signifi

cant differences between prokaryotes and eukaryotes have recently
come to light.

A universal feature of regulation in prokaryotes is

the ability to immediately shut down the synthesis of RNA when ami
no acid starvation causes the level of tRNA charging to fall below
a certain critical value (Cashel, 1975).

This is the so-called

"stringent response" and it is notably absent in a number of eukar
yotic cells.

Orlowski (1980) was unable to identify it in the fun

gus Mucor, and Pollard et al (1980) failed to observe it in mam
malian cell cultures.

The latter group was also unable to identi

fy any of the characteristic nucleotides, such as guanosin e tetraphosphate, that serve as signal molecules in this response.

Buckel

and Bock (1973) likewise noted an absence of such compounds upon
amino acid starvation of two eukaryotes.
It has long been known that when bacteria are presented with
two or more utilizable substrates at the same time they will first
entirely consume and grow at the expense of only one substrate with
out metabolizing the other(s).

Only after a brief interlude during

which growth ceases will the alternative substrate(s) be used to
support growth at a somewhat diminished rate.

The classical obser

vations were made on Escherichia coli grown in a medium containing
glucose and lactose as carbon sources (Perlman and Pastan, 1968)
although any combination of usable carbon sources will provoke such
a response.

This biphasic growth behaviour is termed "diauxie"

and is attributable to the phenomenon of catabolite repression.

wherein a glucose catabollte modulates the intracellular cyclic AMP
level, which in turn regulates the binding of a protein capable of
exerting positive control over the lac operon at the level of the
promoter.

So long as the catabolite is present, expression of the

lac genes is held in abeyance and no $-galactosidase activity is
detectable.

Once the catabolite is gone, expression of the operon

is free to begin and 3-galactosidase is synthesized.

Recent work

by several investigators has provided evidence that this phenomenon,
like the stringent response, may be absent in eukaryotes.

Narva

and Srinivasan (unpublished data) observed the complete lack of a
diauxie lag with continued basal levels of fi-galactosidase pro
duced by the dimorphic Deuteromycete Trichosporon cutaneum grown in
both batch and continuous culture in the concurrent presence of
glucose and lactose.

Dickson and Markin (1980) observed that the

presence of glucose in cultures of the Ascomycetous yeast Kluyveromyces lactis did not prevent entry of lactose into the cell nor
did it give rise to a sustained catabolite repression of 8-galactosidase.

Borgia and Sypherd (1977) observed that the 3-glucosidase

of Mucor racemosus was subject to hexose repression but did not re
quire an exogenous inducer nor did cyclic AMP relieve the repression
by hexoses.

To the contrary, enzyme activity was strongly depressed

in the presence of cyclic AMP.
It really should come as no surprise that a number of investi
gators have failed to find evidence for these regulatory systems in

eukaryotes.

Both the stringent response and catabolite repression

are mechanisms for the regulation of RNA synthesis.

Thus both func

tion ultimately at the level of the genome, a level at which the
differences between prokaryotes and eukaryotes could scarcely be
greater.

The prokaryotic genome is essentially naked DNA, many

genes are clustered into operons, and the single chromosome consists
of a covalently closed circular structure.

Certain optional extra-

chromosomal elements called plasmids sometimes carry ancillary
genetic information and may be freely exchanged with other bacterial
cells.

Multiple copies of the genome may exist per cell, but the

organism is invariably haploid.

Replication is not tightly coupled

to cell division and proceeds via a mechanism involving an organelle
called the mesosome which is believed to be an invagination of the
plasma membrane.

The eukaryotic genome, in contrast, is composed

of highly supercoiled DNA complexed with basic proteins (mainly
histones) to form nucleosomes.

The nucleosomes are the basic struc

tural component of the chromosomes, which may number in the dozens
in eukaryotic cells and are sequestered within a nuclear membrane.
Eukaryotic organisms are commonly haploid or diploid, the ploidy
level often being a function of the stage of the life cycle.

There

is characteristically only one nucleus per cell except during mit
osis or meiosis.

Redistribution of genetic material between daugh

ter cells by one of these mechanisms involves the construction of
an elaborate spindle fiber mechanism, dissolution of the nuclear

71

membrane, and migration of the chromosomes to opposite centrosomes.
The organization of the genetic information into classical operons
as described in prokaryotes has yet to be demonstrated in eukaryotes.
Moreover, the prokaryotic genome is "information dense" in contrast
to the eukaryotic genome.

Among bacteria whose chromosomes have

been mapped, there seems to be little material to which some type
of coding function cannot be assigned.

However, in eukaryotes it

has come to light in recent years that little if any informational
significance attaches to much, if not most, of the chromosomal
material.

Strangely enough, this meaningless DNA, referred to as

"introns" or intervening sequences, is transcribed into RNA in
the nucleus and must be excised before a functional message can be
transported into the cytoplasm where it will be translated.

What

function this material has, if any, is the topic of considerable
debate (Darnell, 1979; Davidson and Britten, 1979; Orgel and Crick,
1980).
In light of the points discussed above, it must be concluded
that in many ways prokaryotes and eukaryotes belong to almost two
different worlds.

Certain basic commonalities exist, of course,

and the same basic essential functions on type of cell must perform
the other must perform as well.

Nevertheless, from the vast dif

ferences in organization, level of complexity, and basic molecular
biology already alluded to, it must be concluded that although
prokaryotes and eukaryotes have arrived at the same final destination

— evolutionary fitness in an often hostile environment— they have
done so by following greatly different routes and by employing
tremendously different strategies.
There are some contradictions in the literature on fungal
regulation of macromolecular synthesis that are difficult to recon
cile, especially if, as the foregoing discussion suggests, the vast
differences between prokaryotes and eukaryotes do indeed necessitate
different regulatory strategies.

The present work indicates a re

gulatory process singularly different from that found in prokaryotes,
notably in the apparently continuous adjustment of both the poly
peptide chain elongation rate and the percentage of ribosomes active
in protein synthesis as a function of a variable growth rate.
These results are in accord with those presented earlier on batch
cultures of M. racemosus (Orlowski, 1981) and are also corrobor
ated by the findings of Bonven and Gullf$v (1979) on

cerevisiae

and the polypeptide chain elongation rates calculated by Boehlke
and Friesen (1975), also for S. cerevisiae.

The data available on

N. crassa, however, differ significantly from the above.

Alber-

ghina and Sturani (1975) reported little or no change in either
the peptide elongation rate or the percentage of active ribosomes
with a changing growth rate.

These observations are reminiscent

of the classical findings in bacteria.

Waldron et^ al (1977) also

reported no change in the peptide elongation rate with changing
growth rate, but reported a large difference in the fraction of

active ribosomes between slow- and fast-growing cells.

(It is un

fortunate that they did not examine cells growing at an intermediate
rate.)

Likewise, Boehlke and Friesen (1975) reported a constant

fraction of active ribosomes in

cerevisiae. which is diametrically

opposed to the result found by Bonven and Gullj5v (1979) in the same
organism.

It is always possible that some of these contradictions

may be artifactual.

Boehlke and Friesen's practice of converting

their cells to spheroplasts before isolating polysomes, for instance,
is a potential source of problems since many changes may occur in
the cells during this lengthy procedure.

Also, Alberghina and Stu-

rani (1975) discounted the 80S monosome peak in their polysome
scans as a possible site of active ribosomes.

They quantitated

their fraction of active ribosomes by measuring the amount of
material shifted from the polysomal region to the monosome peak
upon RNase treatment.

Waldron e£ al (1977) did not actually measure

polysomes, rather they calculated the fraction of active ribosmes
from the (apparently) constant peptide elongation rate and the
ribosome content per cell.

Suffice it to say that diametrically

opposed observations on the same parameter in the same organism
(e.g., Bonven and GullfSv's reported fraction of active ribosmes
vis-4-vis Boehlke and Friesen's value) are difficult to accept.
Further studies on these questions are definitely in order.
The extant observations on responses to nutritional shifts
in fungi are so rare that one scarcely has an adequate frame of

reference In which to discuss the present findings.

The present

results are in stark contrast with most of the observations on
bacteria.

In bacteria, the rates of ENA synthesis increase long

before any changes are noted in the rates of protein synthesis
during the post-shift transition period (Kjeldgaard, 1961).
The present work shows just the opposite to be true in

racemosus.

Kjeldgaard (1961) also observed constant efficiency in Salmonella
ribosomes throughout the shift.
Mucor.

Such is definitely not the case in

Results similar to those presented here have been reported

by McLaughlin's group (Ludwig e£ al, 1977) for Saccharomyces,
but the findings of Sturani e£ jil (1976) on nutritional shifts
in Neurospora are clearly reminiscent of the bacterial pattern.
The field abounds with unanswered questions.

To attempt to

formulate them all is beyond the scope of this work.

Some of the

more Important issues, in this writer's opinion, would include
the following:

By what mechanism is ribosome function adjusted?

Are the ribosmes responding to some sort of chemical signal, and
if so, of what nature?

It is theoretically possible that we are

observing some type of "mass action" effect— a richer medium or
a faster flow of medium through a chemostat leading to a greater
availability of amino acids to the translational machinery at
any given instant, the overall reaction rate thus increasing as
would any catalytically controlled reaction when the substrate
concentration is stepped up.

If this is the case, however, why
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do so many investigators fail to see adjustment of the polypeptide
chain elongation rate in bacteria, when there is no obvious reason
to conclude that such a mechanism would not operate just as easily
in prokaryotes as in eukaryotes?

A possible locus of control avail

able to eukaryotes, but not to prokaryotes, would be some type of
mechanism whereby the system of post-transcriptional modification
and export of message from the nucleoplasm is somehow altered.
Perhaps the cells have a means of preferentially adjusting the
synthesis of the RNA binding proteins that sequester the message
in mRNP complexes.

Such differential storage and availability

of message for translation could result in an adjustable net rate
of protein synthesis and cycling of ribosomal subunits, but would
not lead to a change in the rate of polypeptide chain elongation.
Could the ribosomes be responding to increased levels of GTP or
ATP?

Is some type of covalent modification of elongation factors

or of the ribosomal proteins responsible for modulation of the
peptidyl transferase or translocase activity a possibility?

One

promising lead on this is the observation by Larsen and Sypherd
(1980) that protein S6 of the 40S ribosomal subunit from Mucor
displayed differing levels of phosphorylation that correlated well
with the growth rate of the organism.
Recommended studies such as follow could prove extremely
interesting and productive.

A search for mutants (perhaps In Mucor)

that respond differently in terms of adjustment of ribosome function
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could be conducted.

Such a search would probably be laborious, but

it is possible that such mutants would have altered responses to
antibiotics that interfere with protein synthesis, and if so, such
compounds would prove beneficial in screening.

If such mutants could

be obtained they would serve as excellent experimental material to
be used in answering questions such as:

Are the initiation or elong

ation factors, ribosomal proteins, mRNA-binding proteins, etc. in
any way different?

Are levels of ATP, GTP, RNA polymerases, protein

synthesis factors, etc. adjusted differently in growth rate shifts
vis-5-vis the wild type organism?

Do the biochemical responses of

the organism to the shift depend upon the exact nature of the shift
(for example, carbon source shifts versus nitrogen source shifts)
and if so, how?
Needless to say, our knowledge of gene expression and regulatory
systems in eukaryotic organisms is still extremely limited.

The

system described here and the experiments recommended for further
study underscore the utility of fungi in general and of Mucor in
particular as excellent systems in which to study these areas.
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